We investigated the influence of hillslope scale topographic characteristics and the relative position of hillslopes along streams (i.e., internal catchment structure) on the isotopic composition of base flow in first-order, forested headwater streams at Coweeta Hydrologic Laboratory. The study focused on two adjacent forested catchments with different topographic characteristics. We used stable isotopes ( 18 O and 2 H) of water together with stream gauging and geospatial analysis to evaluate relationships between internal catchment structure and the spatiotemporal variability of base flow d 18 O. Base flow d 18 O was variable in space and time along streams, and the temporal variability of base flow d 18 O declined with increasing drainage area. Base flow became enriched in 18 O moving along streams from channel heads to catchment outlets but the frequency of enrichment varied between catchments. The spatiotemporal variability in base flow d 18 O was high adjacent to large hillslopes with short flow paths, and it was positively correlated with the relative arrangement of hillslopes within the catchment. These results point to influence of unique arrangement of hillslopes on the patterns of downstream enrichment. Spatial variability in base flow d 18 O within the streams was relatively low during dry and wet conditions, but it was higher during the transition period between dry and wet conditions. These results suggest that the strength of topographic control on the isotopic composition of base flow can vary with catchment wetness. This study highlights that topographic control on base flow generation and isotopic composition is important even at fine spatial scales.
Introduction
Headwater streams constitute at least 70% of streams in the United States by length [Leopold et al., 1964] , and they exert strong control on hydrological and biogeochemical processes of downstream aquatic ecosystems. Headwater streams can be a major source of nutrients, organic matter, and sediments to higher order streams [Gomi et al., 2002; Alexander et al., 2007] , and flow from these headwater streams serves as a significant source for drinking water, irrigation, and recreation for communities living downstream [Freeman et al., 2007] .
Understanding the spatiotemporal patterns of streamflow generation and their relationships with catchment structure, including topographic characteristics and spatial organization of hillslopes, remains one of the key challenges in catchment hydrology [e.g., Beven, 2006; Payn et al., 2012] . Much research has focused on hydrological processes and responses associated with streamflow generation during storms, whereas streamflow generation during base flow conditions remains understudied by comparison [Rodgers et al., 2005; Tetzlaff and Soulsby, 2008] . In general, base flow is the portion of precipitation that infiltrates the soil and recharges groundwater, gradually contributing to streamflow over relatively long durations [e.g., Freeze, 1974] . Base flow sustains perennial streams between precipitation events and during dry conditions. Base flow magnitude and composition directly influence stream habitat [e.g., Boulton, 2003 ], nutrient cycling [e.g., Meyer and Wallace, 2001] , and overall functioning of headwater stream ecosystems [e.g., Montgomery, 1999] (see review by Price [2011] ).
Stable isotopes of water ( 18 O, 2 H) are well-established tools for understanding sources, flow paths and residence times of natural waters at various spatial and temporal scales [Sklash and Farvolden, 1979; McDonnell et al., 1991; Rose, 1996; Weiler et al., 2003; Jasechko et al., 2016] . Several studies have reported the isotopic composition of base flow across spatial scales and hydro-climatic regimes [e.g., Bishop, 1991; Prior studies also revealed strong controls by topography on the isotopic composition of base flow ; McGuire et al. [2005] ; Rodgers et al. [2005] ; Tetzlaff et al. [2009] ; Asano and Uchida [2012]; and Heidb€ uchel et al. [2013] . Key catchments-scale topographic characteristics affecting the isotopic composition of base flow in various hydro-climatic regimes include lengths and gradients of flow paths [McGuire et al., 2005; Tetzlaff et al., 2009; Asano and Uchida, 2012] , slope angles and aspects [Rodgers et al., 2005; Broxton et al., 2009] , drainage areas and densities [Rodgers et al., 2005; Tetzlaff et al., 2009 Tetzlaff et al., , 2011 , elevation [Brooks et al., 2012] , and planform curvature [Heidb€ uchel et al., 2013] . Collectively, these studies inform our understanding of catchment-scale topographic controls on the isotopic composition of surface waters, with many of these studies focusing on snow-dominated regions, semiarid regions, and catchments ranging in size from (1-10 3 km 2 ).
In temperate, humid mountain regions, such as those of the southern Appalachian Mountains, first-order headwater catchments can be as small as 10 ha (0.1 km 2 ) in size, tend to be forested, and are minimally impacted, if at all, by snowmelt. In contrast to snow-dominated landscapes, base flow in this region derives from year-round precipitation. The hydrological processes that influence base flow generation in these raindominated regions can differ substantially from those in snow-dominated regions. It remains unknown whether the isotopic composition of base flow in these regions is controlled in the same manner by catchment-scale topography as in snow-dominated regions, semiarid regions, or at larger spatial scales. Moreover, additional work is needed to understand whether and how topographic variations within and among individual hillslopes, as well as the arrangement of hillslopes within a catchment, contribute to the isotopic composition of base flow.
The specific objectives of this study were to assess the spatiotemporal variability in the isotopic composition of base flow in two small (15 ha and 13 ha), forested headwater catchments and to quantify the role of internal catchment structure in mediating patterns of base flow 18 O. Here, we define internal catchment structure in two key ways: the distribution of topographic variables, including flow path lengths and gradients, within hillslopes, and the order in which different hillslopes are arranged along streams. We combined spatially dense sampling of stable isotopes ( 18 O, 2 H) in catchment waters with streamflow measurements and geospatial analysis, using a two-component mixing model to estimate the isotopic composition of lateral hillslope inflows along stream reaches. We use these results to assess links between topographic characteristics of hillslopes and observed patterns of stream water isotopes along two forested headwater streams during base flow conditions. This work addresses the following questions: (i) How does the isotopic composition of base flow vary in space and time along two first-order streams in the southern Appalachian Mountains? (ii) How do topographic characteristics of hillslopes relate to observed isotopic patterns, and are these patterns uniquely related to the arrangement of hillslopes within these catchments?
Study Site
Fieldwork was conducted at the Coweeta Hydrologic Laboratory (hereafter, Coweeta), a US Forest Service research station located in the southern Appalachian Mountains of western North Carolina, US (35803 0 N, 83825 0 W; Figure 1 ). Coweeta contains 26 gauged catchments covering a total of 21.85 km 2 and ranging in elevation from approximately 680-1500 m above mean sea level. Coweeta Creek, to which these catchments eventually drain, lies within the headwaters of the Tennessee River.
Coweeta's climate is classified as Marine and Humid Temperate under K€ oppen's climate system with frequent short duration precipitation events distributed year-round [e.g., Swift et al., 1988] . Mean annual precipitation is 1791 mm for the 75 year period 1937-2011, recorded at CS01, a low-elevation climate station near the US Forest Service (USFS) headquarters. Mean annual air temperature at CS01 is 12.6 o C. Snow occasionally falls during the winter, but it is a minor component of the water balance. Soils in our study catchments are predominantly ultisols and inceptisols underlain by deeply weathered saprolite. The Coweeta basin has two major bedrock formations, both metamorphic -Tallulah Falls and the Coweeta Group Water Resources Research 10.1002/2015WR018463 [Hatcher, 1971] . Tallulah Falls consists mostly of pelitic, schists and metavolcanic rocks. The Coweeta Group consists mainly of quartzites, gneisses, biotite, schists and metasandstones [Hatcher, 1974 [Hatcher, , 1979 ].
This study focused on two adjacent, south-facing catchments that include a broadleaf deciduous forest (WS02) and an evergreen coniferous forest (WS01) ( Figure 1 ). The catchments are part of a long-term experiment evaluating effects of forest conversion on catchment water balances [Swank and Douglass, 1974] . WS02 was abandoned to secondary ecosystem succession around 1920 and serves as a reference for multiple paired catchment studies at Coweeta. WS01 was completely cleared in 1950 and replanted with white pine. Landscape characteristics for each catchment are summarized in Table 1 . Both catchments share similar drainage areas, elevations, soils and bedrock geology. Additional details of watershed characteristics are presented in section 4.1.
Methods

Geospatial Analysis
Light detection and ranging (LIDAR) data were collected in 2010 by the National Center for Airborne Laser Mapping (NCALM). Data sets provided by NCALM included 1 m 3 1 m digital elevation models (DEMs) of the bare earth surface and the top of the vegetation canopy. We resampled the 1 m 3 1 m bare earth DEM to 10 m resolution to avoid the confounding effects of microtopography on geospatial algorithms used to estimate subsurface drainage patterns from surface topography [e.g., Seibert and McGlynn, 2007] . To delineate the stream network, we used a drainage area threshold of 2.8 ha, which closely matched our field measurements of channel head locations for each catchment. We used the multidirectional flow accumulation algorithm of Seibert and McGlynn [2007] to estimate the drainage area contributing to each 10 m pixel. Using the algorithms of Grabs et al. [2010] in SAGA GIS [B€ ohneret al., 2008] , we delineated hillslopes within each catchment, which were defined as the topographically delineated areas contributing to stream reaches between discrete sampling points. In the case of the channel head sampling point, the contributing Water Resources Research 10.1002/2015WR018463 area was defined as the entire catchment area upstream of that point. Landscape variables computed at 10 m resolution included: elevation, slope, drainage area, flow path length to the stream, and gradient to creek (GTC). Later, we aggregated pixel-based topographic variables from both sides of the stream to obtain hillslopescale median values contributing to the sampling points along the streams.
For each hillslope, defined as the local area contributing to the stream between sampling points, we used drainage area (DA) to compute hillslope size and incremental contributing area (ICA) with hillslope size (DDA) defined for each sampling point as
(1) where x represents a sampling point on the stream, x11 is the next sampling point upstream, DA x is the catchment drainage area for sampling point x, and DA x11 is the catchment drainage area for sampling point x11. We then computed ICA for each sampling point along stream as
where x and DA are defined following equation (1). We conceptualize ICA as a metric that describes the relative position of a hillslope within catchment and characterizes the capacity of an individual hillslope to alter the isotopic composition of stream water. Generally, hillslopes closer to the outlet have smaller ICA values than hillslopes closer to the headwaters. We posit that consideration of ICA is crucial to understanding individual and collective hillslope contributions to streamwater composition [Jencso et al., 2009; Emanuel et al., 2014] . This is because upstream drainage area, the denominator of equation (2), increases monotonically moving downstream. Although ICA values tend to decrease moving downstream, the decrease does not have to be monotonic since individual hillslopes can vary in size. Here, we confirmed that DA and ICA were not sensitive to the spatial resolution of the DEM by comparing results from analyses performed on 1 m, 5 m, and 10 m DEMs (Kruskal-Wallis, p>0.05).
Hydrometric and Isotopic Measurements
The USFS has measured discharge continuously since 1934 at the outlet of each catchment using V-notch weirs. The month of February 2013 was marked by extremely wet conditions and extremely high and variable discharge observations, which were excluded from this analysis due to concerns about data quality. Climatological records for precipitation, air temperature and relative humidity have been measured by the USFS at climate stations near these catchments (CS01, CS21). The CS21 is located at an elevation of 817 m on a lateral ridge between the two study catchments, and CS01 is situated in a valley approximately 400 m away from the outlet of WS01 at an elevation of 685 m.
We sampled water from three sources: precipitation, base flow (i.e., stream water during base flow conditions), and shallow groundwater each month from June 2011 to June 2013 and analyzed samples for stable isotopes of water ( 18 O, 2 H; Figure 1 ). Base flow samples were collected along each of the two streams between each outlet and channel head. This sampling design was intended to capture a wide range of local stream and hillslope conditions within each catchment. We initially established sampling points every 25 m between the outlet and channel head of each stream, but we adjusted the spacing based on local geomorphology. For example, we moved sampling points to avoid splitting a single convergent hillslope between two sampling reaches. During each monthly sampling visit, base flow samples for each catchment were collected during a 2 h period on the same day. No detectable changes in runoff were noted at the catchment outlet during the 2 h periods. Water Resources Research
10.1002/2015WR018463
Precipitation samples were collected in composite precipitation collectors located at the WS01 weir and at CS21 ( Figure 1 ). Collectors were constructed from 10 cm diameter polycarbonate rain gauges protected against evaporation by foil-faced insulation on the outside and a thin (5-10 mm) layer of mineral oil inside. After sampling, precipitation collectors were cleaned and dried, and new mineral oil was added. Precipitation samples were collected every 1-4 weeks depending on the amount of precipitation. Total liquid water depth in the collector at the time of sampling was used to compute volume-weighted averages of precipitation 18 O and 2 H for each month. All precipitation isotopes are reported in volumeweighted values. Frozen precipitation samples were only encountered in January 2013 and were not included in the analysis.
Shallow groundwater was sampled monthly from 12 wells located across both catchments ( Figure 1 ). In each catchment, three hillslopes of different sizes were instrumented with two wells each, a near-stream well and a hillslope well. Near stream wells were typically located 1-2 m away from the stream, whereas hillslope wells were sited on the toe of the hillslope up to a maximum distance of 18 m away from the stream thalweg [Singh, 2015] . Wells were constructed of 3.8 cm inner-diameter Poly vinyl chloride (PVC) conduit screened from approximately 10 cm below ground to the completion depth. Completion depths for all wells ranged from 0.9 to 3.5 m below the surface. Well screens were installed using a solid steel rod inserted into the screen and driven with a sledgehammer through soil and saprolite until refusal at the bedrock surface. A gas-powered auger whose bit matched the outer diameter of the PVC screening was used in some cases to probe for suitable locations. Bentonite clay was packed around each well at the soil surface to prevent surface runoff or direct precipitation from entering wells. Wells were purged prior to sampling and allowed to recharge. Samples were collected from the recharge water using a peristaltic pump (Geotech Environmental Equipment Inc., Denver, CO) with dedicated PVC sampling tubes installed in each well.
All water samples for isotopic analysis were collected in 20 mL high-density polyethylene (HDPE) vials sealed with a cone top cap to eliminate headspace and avoid isotopic fractionation. Samples were stored in a cool place until analyzed in the lab at the NC State University. At the time of analysis, samples were transferred to 2 mL glass vials and analyzed using a cavity ring down laser spectrometer ( [Fry, 2007] . We refer to a sample as depleted in 18 O relative to another sample if its d 18 O is less than the second sample. We assessed overall uncertainty in the isotopic analysis as the sum of accuracy (mean absolute difference between the measured and calibrated values of the duplicated blind unknown standards) and precision (mean standard deviation of the measured values of duplicated blind unknown standards Figure S1 ), which cover relatively high and low base flow conditions. We used dilution gauging to estimate discharge at 50-100 m intervals along streams in both study catchments. Temperature and conductivity were measured using a conductivity probe (Model Professional Plus, YSI Inc., Ohio, US) positioned in the thalweg Water Resources Research 10.1002/2015WR018463 of the stream and recording at 2 sec intervals. Discharge at a given location along a stream (Q x ) was calculated as
where C(s) is the concentration [Cl -] at location x for time variable s starting at time 0 (time of tracer injection) and ending at t (time at which conductivity returns to the initial base value) and M t is the mass of [Cl -] injected into the stream. Each set of dilution gauging measurements lasted 10-14 h per catchment, and we used the continuous record of discharge at the outlet of each catchment to confirm that flow remained steady during each set of measurements.
The dilution gauging measurements were used to develop empirical power functions for each of the three sampling dates, relating drainage area at a point along the stream to the fraction of total discharge (Q) measured by the weir at the catchment outlet. Power functions took the form of equation (4)
where DA is drainage area m and b are empirical coefficients. Coefficients m and b differed significantly among catchments, but they did not differ significantly between dates within a catchment (supporting information Figure S1 ). We combined the empirical power functions with daily discharge measured at the outlet weir to estimate daily discharge at each stream sampling point. An empirical function was assigned to each catchment on each sampling date based on the dilution gauging event whose discharge most closely matched discharge on the sampling date. For each stream reach, net lateral inflow was calculated as the difference between estimated discharge at the upstream and downstream end of each stream reach following equation (1).
We combined estimated discharge and d 18 O for each stream sampling point with estimated lateral inflow to compute the isotopic composition of net lateral inflow (L x ) from each hillslope to an individual sample reach as (4), and indices x and x11 represent upstream and downstream sampling points of a reach. We used the standard method [Taylor, 1982; Genereux, 1998] distance upstream of the weir using linear least squares regression. For each realization, we recorded the slope and goodness of fit (i.e., r 2 ) of the resulting regression between base flow d 18 O and distance upstream of the weir. Both test statistics were used to assess the enrichment patterns of base flow 18 O along the stream for each of the 10,000 realizations. Using a convex hull approach in MATLAB 13a (Mathworks Inc., Boston, MA), we estimated whether or not the slope and r 2 of the observed enrichment pattern fell within the 95% confidence interval of the bivariate distribution of 10,000 pairs of test statistics.
Results
Topographic Characteristics of Catchments and Hillslopes
In general, WS01 and WS02 share many similar topographic characteristics, including slope angles, aspects and drainage areas (Table 1) . Differences emerge between WS01 and WS02 in other spatial variables, including flowpath lengths, stream lengths, and drainage density (Table 1) . WS01 contains more dissected terrain than WS02, evident in the larger drainage density of WS01. Hillslopes in WS01 tend to be relatively small and uniform in area (mean hillslope area 5 0.82, r 2 5 0.20 ha) compared to hillslopes in WS02 (mean hillslope area 5 0.92, r 2 5 0.59 ha). Although the overall slope angles were similar for WS01 and WS02, hillslopes in WS01 were steeper than those in WS02 (Wilcoxon p50.02). In both catchments, significant correlations were noted among several of the hillslope-scale topographic variables (supporting information Figure S2 ). For both WS01 and WS02, GTC was the only variable not correlated with any other topographic variable (supporting information Figure S2 ). Elevation was correlated to several topographic variables in WS02 but not WS01. Hillslope area was either weakly correlated with flow path length for WS01 or not correlated at all for WS02 (supporting information Figure S2 ).
Flow paths in WS01 were generally shorter than those in WS02. Median flow path lengths were significantly different between catchments (Wilcoxon p<0.001; Figure 2 ). Upper reaches of both catchments were generally adjoined by longer hillslopes than those found adjacent to reaches near the catchment outlets. We Water Resources Research 10.1002/2015WR018463 also found large spatial variability in the distribution of flow paths lengths along the hillslopes in the upper reaches of the catchments compared to lower reaches of the catchments (Figure 2) .
Catchment Water Balance and Isotopic Compositions
The long-term climate station at Coweeta received a total of 3894 mm of precipitation from June 2011 to June 2013, or an average of 1869 mm yr 21 . January 2013 experienced 425 mm of precipitation, which was a singlemonth record for 81 years of data at CS01. Mean monthly precipitation at CS01 was 156 mm. For WS01 1170 mm of runoff occurred from June 2011 to June 2013, or an average of 511 mm yr 21 (1.40 mm d 21 ). For WS02 1479 mm of runoff occurred during the study period, or an average of 715 mm yr 21 (1.96 mm d 21 ). The difference in runoff between pine (WS01) and deciduous (WS02) catchments has been attributed to the phenological and eco-physiological differences between forest types in the two catchments [Swank and Douglass, 1974] .
Precipitation d 18 O samples (n546) showed high temporal variation at both low and high elevation sampling locations (Figure 3 ). Average monthly isotopic compositions were 25.02 & and 25.16 &, for low and high elevations respectively. Neither the distributions of monthly precipitation d 18 O at high and low elevations nor their medians were significantly different according to a 2-sample Kolmogorov-Smirnov test (p>0.05) and a Wilcoxon rank-sum test (p > 0.05, Figure 3a) . Similarly, monthly precipitation magnitude did not differ significantly between high-elevation and low-elevation rain gauges (Wilcoxon p>0.05). In addition to monthly samples, weekly precipitation d 18 O samples collected from June to August 2012 did not exhibit any significant elevation effect. Thus, we conclude that no significant elevation effects on the amount or isotopic composition of monthly precipitation existed during the course of this study. Although catchments at Coweeta are located in a relatively steep mountain terrain, the overall topographic relief in WS01 and WS02, about 290 m, is relatively small compared to other studies where significant gradients in precipitation magnitude or isotopic composition have been observed [e.g., McGuire et al., 2005; Brooks et al., 2012] . Given the lack of difference in either magnitude or isotopic composition between the two precipitation sampling locations, we believe that these data accurately characterize the variability in precipitation isotopes experienced by both catchments.
We used precipitation d 18 O and d 2 H to generate a local meteoric water line (LMWL) for the study period, which took the form 8.03*d 18 O114 (r 2 50.95, supporting information Figure S3 ). The slope of the LMWL was similar to that of the global meteoric water line (GMWL) and representative of water vapor originating in humid environments [Clark and Fritz, 1997] . Catchment waters generally fell along or to the left of the LMWL and showed no sign of evaporative enrichment (supporting information Figure S3 ). During 2012 and 2013, 30 shallow (<60 cm) soil pore water samples collected periodically from five porous-cup lysimeters installed in WS02 did not show any evaporative enrichment relative to the LMWL (supporting information Figure S3 ).
In general, the isotopic composition of catchment waters differed significantly from that of precipitation. More specifically, precipitation was enriched in 18 O relative to both base flow and shallow groundwater. For More than 300 samples of shallow groundwater collected in WS01 and WS02 during the study period exhibited seasonal patterns in isotopic composition in which winter 18 O was relatively depleted compared to summer conditions (Figure 3) Figures 4 and 5) . In WS01, the temporal variability of base flow d 18 O declined significantly moving from the channel head to the outlet (r50.79, P<0.001). In WS02, we observed greater temporal variability in base flow d 18 O than in WS01, but the strength of Water Resources Research 10.1002/2015WR018463 declining pattern from the channel head to the outlet was weaker than in WS01 (r50.59, P50.02). We found a significant relationship between the temporal variability in base flow d 18 O and drainage area for WS01 (r520.76, P<0.001) and relatively weaker relationship for WS02 (r520.51, P50.06; Figure 6 ). In both catchments, especially in the upstream-most reaches, we observed large temporal variability in base flow d 18 O, with the mid-90 th percentile of d 18 O for those reaches varying from 0.86 & (WS01) to 0.93 & (WS02).
The patterns of base flow d 18 O along streams depended on the hydrologic conditions (i.e., the wetness state) of the catchment (Figure 7) . In general, the spatial variability in base flow d 18 O was lower during both low flow and high flow conditions, and it was greater during the transition period between high and low flow conditions. During the driest months of the year (July, August, and September) base flow base flow d 18 O was relatively homogeneous within the stream and also indistinguishable from shallow groundwater d 18 O (Figures 3 and 5) . As the catchments became wetter in the fall and Generally, isotopic composition of base flow 18 O became enriched in 18 O along streams from the channel head to the outlet of each catchment. However, the strength of the relationship between base flow d 18 O and distance from the weir, quantified by slope and r 2 of least squares linear regression, varied from month to month (Table 2 ). Both catchments exhibited weak or no downstream enrichment of 18 O during wet periods, and significant correlations occurred more frequently in WS01 than in WS02.
Catchment Structure Controls on Base Flow d 18 O and Lateral Inflow d 18 O
We identified relationships between the temporal variability in base flow d 18 O for a sampling reach and the corresponding ICA within each catchment (Figure 8 ). We also found that the sample reaches with the greater temporal variability in base flow d 18 O were flanked by hillslopes (approximately 1 ha) with high ICA values and more internal variability in flow path lengths (Figures 2 and 4, and 8) . Some of the samples reaches (e.g., 425 m in WS01, 325 m in WS02; Figures 2 and 4) that exhibited more temporal variability in base flow d 18 O were adjoined by large but steep hillslopes (i.e., small ratio of flow path length to GTC).
The estimated d 18 O values of lateral inflows were indistinguishable from precipitation for all but the largest hillslopes. In particular, hillslopes larger than 1 ha with median flow paths longer than 150 m had estimated values of lateral d 18 O that were significantly depleted in 18 O relative to precipitation 18 O ( Figure  9 ). Lateral d 18 O estimates for individual months and hillslopes exhibited large uncertainties (>2 &) that were inversely proportional to hillslope size and related to our method for estimating lateral d 18 O (equation (4)). These large uncertainties prevented us from assessing the significance of topographic influences on monthly estimates of lateral d 18 O.
Test statistics (slope and r 2 ) obtained from the Monte-Carlo simulation showed that the observed Figure  10 ). For WS01, the observed slope of 20.05 & (100 m) 21 and r 2 of 0.73 fell outside of the 95% confidence interval of the bivariate distribution of r 2 and slope for randomly arranged hillslopes (median r 2 5 0.11, median slope 5 20.04 & (100 m) 21 ). For WS02, the observed slope of 20.08 & (100 m) 21 and r 2 of 0.84 fell at about the 88 th percentile of the bivariate distribution of r 2 and slope for randomly arranged hillslopes (median r 2 5 0.30, median slope 5 20.06 & (100 m) 21 ).
Discussion
How do Hydrologic Conditions Affect the Spatiotemporal Variability of Base Flow d 18 O?
Our results suggest that the observed variability in base flow d 18 O is due in part to hydrologic conditions, which is to say that the wetness state of the catchments at different times of the year influences the isotopic composition of base flow (Figure 7) . During drier months (July, August, and September), base flow d 18 O was more homogenous and similar to the mean value of shallow groundwater d 18 O in the catchments. During drier months with lower rates of base flow discharge, many hillslopes were likely hydrologically disconnected from the stream channel, leaving only a small fraction of the catchment contributing actively to base flow in the stream [e.g., Jencso et al., 2009; Nippgen et al., 2015] .
As the catchments transitioned from dry to wet, base flow d 18 O became more variable along each of the streams. This increasing variability during the dry-to-wet transition may reflect nonuniform expansion of the connected catchment area contributing actively to base flow in the stream [Nippgen et al., 2015; Soulsby et al., 2015] . It is likely that hillslopes with different isotopic signatures activate at different times during the wet-up period and may contribute to an increase in observed spatial variability of base flow d 18 O. During the wettest times of the year (e.g., February, March), both base flow and shallow groundwater became enriched in 18 O (Figures 3 and 4) . The simultaneous enrichment of base flow 18 O and shallow groundwater 18 O during these months suggests that large amounts of existing shallow groundwater were replaced by new precipitation, which tends to be enriched in 18 O relative to other catchment waters. Thus, our results support the classic conceptual model of translatory flow proposed for these catchments by Hewlett and Hibbert [1967] , but only during the wettest times of the year.
These results are consistent with other studies that have reported links between wetness and hydrologic connectivity within catchments and observed patterns of base flow d 18 O [Rodgers et al., 2005; Heidb€ uchel et al., 2013; Soulsby et al., 2015] . In particular, Heidb€ uchel et al. [2013] showed that relationships between base flow d 18 O and several catchment spatial characteristics depended upon wetness state. Soulsby et al. [2015] demonstrated that patterns of base flow d 18 O are controlled in part by hydrological These results suggest that even very small (<1 km 2 ) headwater catchments exhibit considerable heterogeneity in hydrological processes influencing base flow.
How do the Structure and Arrangement of Hillslopes Within Catchments Affect Base Flow d 18 O?
We observed significant relationships between spatial and temporal measures of base flow d 18 O variability and internal catchment structures ( Figures (6 and 8) , and 10). In general, internal catchment structures variables such as the flow path length, gradient to creek [e.g., McGuire et al., 2005] , and drainage area, can influence patterns of base flow d 18 O by altering the delivery time (i.e., residence time) or the amount of water entering the stream as base flow. Other studies have indicated that the temporal variability of stream d 18 O can be related to the age or residence time of water [Rodhe et al., 1996; Tetzlaff et al., 2009; Asano and Uchida, 2012] . Other studies link the ratio between flow path length and GTC to hydraulic gradients, which influence the rate of movement of subsurface flow [Jencso and McGlynn, 2011] , and are positively correlated with residence times of water [e.g., McGuire et al., 2005] . In other words, the smaller the ratio of flow path length to GTC, the shorter the residence time. In our study catchments, the ratio of flow path lengths to GTC and flow path length are highly correlated (supporting information Figure S2 ). Thus, the large temporal variability observed in base flow d 18 O for some sample reaches adjoined by hillslopes with short median flowpaths (e.g., WS01, 425 m and WS02 250 m in Figure 2 ) could be attributed to short residence times of water along these hillslopes.
Figure 8 revealed dependence of base flow d 18 O on ICA, which describes the relative location of a hillslope within a watershed and a hillslope's capacity to influence the stream's isotopic composition. To alter the stream's isotopic composition, the adjacent hillslope must be large enough to produce sufficient amount of lateral flow, and the isotopic composition of that water must differ substantially from water already in the stream. Due to relatively low flow in upstream reaches near the channel head, it is easier for hillslopes along Water Resources Research 10.1002/2015WR018463 these reaches to alter stream isotopic composition than it is for downstream hillslopes where flows are greater. This effect, which is also described by equation (4) (Figures 3 and 9 ). The reduced variability in lateral d 18 O may be attributed to greater storage on these large hillslopes [e.g., Tetzlaff et al., 2014] . Conversely, smaller hillslopes with relatively short flow paths would have less capacity to store water and dampen the precipitation d 18 O signal through mixing. Smaller hillslopes might transmit precipitation d 18 O signals more readily than larger hillslopes, but it could be more difficult for them to influence base flow in the stream unless they are located close to the channel head.
Our Monte-Carlo simulation of hillslope arrangement further demonstrates the importance of catchment structure on patterns of base flow d 18 O. In particular, our results show that the actual arrangement of hillslopes within each of the two catchments produces a pattern of base flow d 18 O enrichment from the channel head to the outlet that cannot be reproduced by a random arrangement of the same hillslopes ( Figure  10) . These simulation results demonstrate that observed patterns in base flow d 18 O enrichment are intimately linked to the unique arrangement of hillslopes in the study catchments. Each hillslope possesses a unique combination of several topographic characteristics (e.g., length of flow paths, flow path gradient), and has a unique ability to alter the isotope composition of base flow in its adjoining reach, depending upon internal characteristics of the hillslope and its relative position within the catchment. In particular, the overall arrangement of hillslopes within a catchment determines the ICA of each hillslope, which is an indicator of the hillslope's ability to alter the isotopic composition of base flow (Figure 8) . Because of the connection between hillslope order and ICA, random arrangement of the same hillslopes can yield different patterns of downstream isotopic enrichment, including no significant enrichment whatsoever ( Figure 10) . Effectively, there is a degree of determinism in the arrangement of hillslopes within a catchment and the evolving isotopic composition of downstream waters. Overall, these results indicate that internal catchment structure, including the arrangement of hillslopes within a headwater catchment can influence patterns of base flow d 18 O. These results support a growing body of work suggesting that hydrologic response is inextricably linked to catchment structure [e.g., McGuire et al., 2005; Broxton et al., 2009; Capell et al., 2012; Heidb€ uchel et al., 2013] .
Implications
Using stable isotopes of water ( 18 O), this study advances our understanding of how streamflow varies in space and time by extending observations from the catchment outlet into the catchment itself (Figures 4 and 5) . Our results corroborate previous findings that streamflow responses measured at a catchment outlet may not accurately represent the complexity of upstream processes [McGlynn et al., 2004] .
Our results have implications for isotope-based hydrograph separation techniques, which generally assume that base flow is homogenous in space within a catchment [cf., Buttle, 1994] . We illustrate this using a twocomponent based hydrograph separation method [e.g., Genereux, 1998; cf. Genereux and Hooper, 1998] , to estimate percentage change in the fraction of old water to new water for base flow d 18 O values measured at catchment outlet (25.91 &) and channel head (26.63 &) for the month of January 2012 in WS01. Based on our observation, we use representative values of stream d 18 O and precipitation d 18 O, 25.12 & and 25 &, respectively. Our results suggest that the fraction of old to new water was 47% higher for the isotopic composition of base flow measured at catchment outlet than the channel head. Although we acknowledge that the magnitude of change in the fraction of old to new water can be sensitive to precipitation d 18 O and stream d 18 O that we used in the analysis. These results suggest minor differences in base flow d 18 O can drastically alter the hydrograph separation results and encourage caution in applying isotope-based hydrograph separation methods in small headwater catchments such as these.
These results also help elucidate the role of hillslopes in mediating spatial patterns of base flow through time within a catchment. Our work shows that both hillslope characteristics and their arrangement within a catchment can influence streamflow generation during base flow conditions. It complements other work linking topographic controls to hillslope-stream connectivity [Jencso et al., 2009] and linking connectivity to water quality Pacific et al., 2010] . Recognizing topographic and other structural controls on streamflow composition also has the potential to advance our understanding of solute Water Resources Research 10.1002/2015WR018463 concentrations and their export from headwater catchments, possibly aiding identification of biogeochemical hotspots and sources of pollutants [Kimball et al., 2010] .
Conclusions
We reported the isotopic composition of precipitation, base flow and shallow groundwater in two small headwater catchments of the southern Appalachian Mountains, collected over a 2 year period. Our analysis of nearly 1000 base flow samples revealed significant spatiotemporal variability in base flow d 18 O within relatively small (15 ha and 13 ha), forested headwater catchments. We link this variability in base flow d 18 O to hydrologic conditions experienced during the 2 year study, to topographic characteristics of catchments and their hillslopes, and to the specific arrangement of hillslopes within each catchment.
The relationship between ICA and the temporal range of base flow d 18 O suggests that catchment structure influences patterns of base flow for these first-order mountain streams. Weak or nonexistent linear trends in base flow d 18 O along streams during extreme wet and dry conditions and relatively strong linear trends during intermediate conditions indicate that structural controls on base flow d 18 O are sensitive to hydrologic conditions within the catchment. Analysis of lateral inflow d 18 O highlighted the important role of large hillslopes with long flow paths in dampening precipitation d 18 O before releasing it to the stream. Overall, these results further confirm and add to our fundamental understanding of intimate linkages between catchment structure and base flow generation for small headwater catchments. This work further emphasizes the utility of stable isotopes for understanding spatial and temporal patterns of base flow at high spatial resolution.
